The Bemisia cassava whitefly complex includes species that cause severe crop damage 24 through vectoring cassava viruses in eastern Africa. Currently, the cassava whitefly complex 25 is divided into species and subgroups based on very limited molecular markers that did not 26 allow clear definition of species and population structure. Based on 14,358 genome-wide 27 SNPs from 63 cassava whitefly individuals belonging to sub-Saharan African (SSA1, SSA2 28 and SSA4) species, and using a well-curated mtCOI gene database, we show clear 29 incongruities in previous taxonomic approaches underpinned by effects from pseudogenes. 30
Introduction 39
Confidence in species identification underpins strategies for biological conservation 40 and management of natural resources, providing insight into the evolutionary forces that 41 drive species diversification. While morphological differences have enabled many species to 42 be identified, cryptic species complexes present a particular challenge due to their general 43 lack of readily distinguishable morphological characters. Collecting ecological and life 44 history data, including host plant use and mating behaviour, can be used effectively to 45 mitigate and address these challenges (Liu, et The challenges can become critical when individual cryptic species in a complex have 53 a serious impact on health or agricultural productivity. An example of the latter is presented 54 by insect vectors of virus diseases affecting cassava, the most important food crop grown in 55 Africa (55.2% global production share; average from 1994-2011; FAOSTAT 2017). Since 56 the 1990's, cassava production has been affected by a pandemic of cassava mosaic disease 57 (CMD) caused by a number of cassava mosaic geminiviruses (CMGs) (Legg, et al. 2014; 58 Patil and Fauquet 2009). Although cassava is also widely grown in Latin America (its 59 original home) and South East Asia, CMD has been reported in Africa since the early 1970's 60 (Macfadyen, et al. 2018 ) and more recently in South-East Asia (Minato, et al. 2019 ; Wang, et 61 al. 2016 ). While the vector responsible for the spread of the CMD in South-East Asia is not 62 fully understood, the epidemic in east and central Africa was associated with the distribution 63 4 of invasive Sub-Saharan African (SSA) species of the Bemisia whitefly complex (Legg, et al. 64 2014) . Invasive whitefly species have become major pests of global agriculture, spreading 65 plant virus diseases and becoming resistant to chemical control agents (De Barro, et al. 2011). 66 In particular, the invasive cassava whitefly lineage SSA2 (previously 'Ug2'; Boykin, et al. 67 2017) has been found in regions affected by the CMD pandemic, and since 2007 has also 68 successfully expanded into southern Europe (Hadjistylli, et al. 2015 and provided phylogenetic evidence that the cassava whitefly (i.e., SSA1, SSA2, SSA3, 88 5 SSA6, SSA9) were ancestral to the 'B. tabaci cryptic species complex' (Kunz, et al. 2019b) . 89
The advent of high-throughput sequencing (HTS) technologies has driven the availability of 90 genome-wide data that is further transforming the Bemisia taxonomy. HTS has confirmed 91 that the B. tabaci Middle East Asia Minor 2 (MEAM2), previously recognised as a distinct 92 species, is in fact the result of an artefact of sequencing nuclear mitochondrial DNA 93 sequences (NUMTs) (Tay, et al. 2017a ; Elfekih, et al. 2018a) . 94
The taxonomy, population structure and evolutionary genetics of the cassava whitefly 95
Bemisia species complex (i.e., SSA1, SSA2, SSA3, SSA4, SSA6, and SSA9; see Kunz, et al. 96 2019b) remain poorly understood, despite the importance of defining and managing the 97 vectors of CMD. In a recent study of taxonomic structure and gene flow among genetically 98 diverse SSA1, SSA2, SSA3 and SSA4 species, Wosula et al. and related Bemisia cryptic species. This is especially so in the sub-Saharan African Bemisia 104 species context, where species identified to-date would need to be reanalysed using a 105 genome-wide sequencing approach. The diversity within genome-wide SNP data, and 106 complex gene flow patterns existed between these newly defined SSA genetic groups 107 (Wosula, et al. 2017 ) would appeared to also have a different operational taxonomic unit to 108 challenge the traditional 'species' unit. 109
In this study, we seek to understand why the African cassava whitefly SSA1 (which is 110 also further refined into sub-groups 1, 2, and 3 in some studies; e.g., Legg Standley 2013) with default settings. We examined all sequences for insertion/deletions 130 (indels) as signatures of pseudogenes (NUMTs). Sequences that did not contain indels were 131 assessed also for amino acid substitution patterns at evolutionary conserved regions in the 132 partial COI gene region to assist with further identification of potential NUMTs. 133
Identification of amino acid residue conservation sites across the partial mtCOI gene regions 134 was as described in Kunz et al. (2019b) . SAM files were converted to BAM output using Samtools (Li, et al. 2009 ). The BAM files 143 were subsequently sorted and indexed, and checked for quality and mapping percentages per 144 scaffold. 145 SNP genotyping. SNPs were first called using a de novo approach in PyRAD (Eaton 2014). 146
PyRAD is a pipeline designed for RADseq datasets that aims to capture variation at the 147 species/clade level. It allows clustering of highly divergent sequences and takes into 148 consideration indel variation. We also performed SNP calling in PyRAD, using reads mapped 149 to the MEAM1 reference genome (Chen, et al. 2016). Given the low-depth nature of the data, 150 we analysed the data using an additional pipeline. We used the BAM files generated in BWA 151 as input for the program ANGSD (Korneliussen, et al. 2014) , which relies on a statistical 152 approach that takes into consideration genotype uncertainty (Fumagalli, et al. 2013) . respectively. We used the MEAM1 species as outgroup for comparison and to infer 168 introgression patterns. We tested the significance of these ABBA/BABA patterns using the 169 corresponding Z-scores, obtained in ANGSD using a jack-knife procedure. An absolute Z-170 score value of ≥ 3 is used as a cut-off value (Reich, et al. 2009 ). 171
Phylogenetic analyses. The topology of the phylogenetic relationships between individuals 172 /populations/subspecies and species within the dataset (63 SSA samples and three B. afer 173 individuals (TZ_CHA1, TZ_CHA2, TZ_KIL1) as the outgroup) was examined using a 174 maximum likelihood (ML) approach. The SSA species were first identified based on the 175 mtCOI marker, then, a phylogeny was reconstructed using the nextRAD genome-wide SNPs 176 excluding samples with low genotype quality to minimize biases that could potentially be 177 introduced by missing data. The phylogenetic reconstruction was carried out in RAxML 178 v.7.2.8 (Stamatakis 2006) using the GTR substitution model and GTRGAMMA as the 179 GAMMA model of rate heterogeneity, with 1,000 bootstrap replications. The phylogenetic 180 clustering obtained in RAxML was used to infer a population ML tree in TreeMix (Pickrell 181 and Pritchard 2012), in order to identify genetic mixing, the history of population splits and 182 admixture patterns. We ran the TreeMix simulations using 0 to 5 migrations events with 100 183 bootstrap replications. The examination of nucleotide substitution patterns identified indels-affected 203 sequences and inconsistencies with respect to number of base substitutions for distinguishing 204 'subgroups' (SG) within the SSA1 species. For example, the SSA1-SG1/SG2 sequences 205 (accession numbers: MF417578-MF417602) were affected by indels that should not be 206 present in a mitochondrial DNA COI protein coding gene, suggesting that these sequences 207 were associated with sequencing errors and/or derived from non-coding NUMT DNA 208 sequences. The re-assessment of the two SSA1-SG5 sequences (MF417585, MF417586) 209 showed that they differed from the SSA1-SG3 sequences by only three C/T substitutions that 210 resulted in 0.56% nucleotide difference. The basis for suggesting MF417585 and MF417586 211 10 belong to different 'sub-groups' was therefore unclear, given that similar numbers of 212 nucleotide substitutions between sequences (e.g., MF417602 and MF417587: SSA1-SG2; 213 two transitions (i.e., 2xC/T), 0.37% nucleotide difference), and sequences with greater 214 numbers of nucleotide substitutions (e.g., MF417590, MF417582: SSA1-SG1; three 215 transitions (2xG/A, 1xT/C) and one transversion (A/T); 0.75% nucleotide difference) were 216 placed within the same subgroups. 217
Species delimitation and introgression. The genome-wide SNP-based Principal Component 218
Analysis (PCA) discriminated between SSA1 and SSA2, suggesting that they are genetically 219 distinct and likely to be different species, whereas samples from SSA4 clustered with SSA2 220 (Fig. 1) . Three groupings were identified within SSA1, suggesting a level of intra-species 221 substructure. These observations were further explored using ML phylogenies generated with 222
RAxML. An initial such analysis based on the mtCOI sequences ( Fig. 2A) Admixture analysis identified three genetic clusters (Fig. 3) that separated the SSA2 278 species (highlighted in green) from the SSA1 species, which was again divided into two 279 distinct genetic backgrounds corresponding to SSA1-NW (containing SSA-WA and SSA-280 ECA (highlighted in blue)) and SSA1-SE (containing SSA-CA and SSA-ESA (highlighted in 281 red)). Some SSA2 and all the SSA1-CA samples showed evidence for low levels of 282 admixture. Interestingly, F st analysis (Table 1) supported the status of the two sub-groups 283 15 SSA1-NW and SSA-SE as intermediate at the species-level differentiation between any of 284 the SSA1 populations and the pooled SSA2 populations (the latter ranging from 0.28582 -285 0.33406). This was particularly evident for SSA1-NW versus the SSA-ESA population of 286 SSA1-SE, with F st of 0.22605 -0.24304. F st differentiation was less clear for the more 287 weakly defined SSA-CA population, whose F st scores versus SSA1-NW were not 288 significantly different to those between populations within the two major SSA1 groups. 289
While the overall differentiation between SSA1-NW and SSA1-SE is consistent with them 290 being sub-species of SSA1, the observations concerning the SSA-CA population suggest 291 gene flow between CA and neighbouring populations from both sub-species. 292 Within sub-species SSA1-NW, the SSA-WA population is predominantly found in 342 the lowlands (ca. 300m -1500m), whereas the SSA-ECA/SSA-CA populations were found at 343 higher altitudes (from ca. 600m -≥ 1500m). Individuals belonging to the SSA-ESA group 344 were predominantly from coastal landscape of Tanzania and Madagascar (Fig. 3) . A gene 345 flow contact zone was detected at the SSA-CA region represented by individuals from DRC 346 (n = 5), and one TZA individual from SSA-ECA group. Hybridization was detected in two 347 SSA2 individuals (green/blue genetic backgrounds) and in one DRC individual from SSA-348 CA (red/green/blue in Fig. 3 occurring between these sub-populations/sub-species at the contact zone ( Fig. 4) . The test also detects signals of introgression within the same geographical region 369 between the SSA2 and SSA1 (i.e., [ECA+WA]) species. The same signatures of interspecies 370 admixture were also evident from the Treemix results (Fig. 5 ). The ML tree generated in 371
Treemix also supported the SSA4 species as part of SSA2. The populations/subspecies SSA-372 ECA and SSA-WA cluster together which is consistent with their geographical origin (i.e., 373 SSA1-NW), whereas the SSA-CA population clusters with the SSA-ECA population (i.e., 374 representing the south-eastern geographic origin). Gene flow between these SSA1 375 populations is especially evident at the contact zone (i.e., at the SSA-CA geographical 376 location). The migration edges (m = 2) revealed gene flow between SSA2 and the SSA1 377 species from central Africa (i.e., SSA-CA) and supports detection of hybrid individuals 378 identified in the admixture analysis (Fig. 3) . the MED species based on nextRAD SNP data; however, the MED-ASL species was not 435 identified until confirmed by complete mitogenome study, mating experiments (Vyskočilová, 436 
